An eleven weeks feeding trial was conducted to determine the effects of different levels of dietary soybean lecithin (SBL) on growth performance, blood chemistry and immunity in juvenile stellate sturgeon (Acipenser stellatus). Fish were fed seven isoproteic (44% crude protein) and isolipidic (17% crude fat) diets containing graded levels of SBL: 0 (control), 1, 2, 4, 6, 8 and 10%. Results showed that dietary SBL supplementation significantly improved the final body weight (BW) and weight gain (WG). Fish fed 6% SBL showed the highest BW and WG values in comparison to fish fed the control diet (P < 0.05), whereas increasing SBL levels above 6% had little practical benefit in terms of somatic growth performance. The inclusion of SBL in diets significantly improved the immune response as data from lysozyme, total Ig levels, alternative complement, phagocytic and bactericidal activities indicated (P < 0.05). The broken-line regression analysis of immunological variable revealed that depending on the parameter considered, the optimal SBL levels in diets for stellate sturgeon juveniles varied. In particular, dietary SBL levels requirements in stellate sturgeon when considering the phagocytic activity rate were determined at 3.3%, whereas 4.1-4.2% were recommended when considering data from lysozyme, alternative complement and bactericidal activities. In contrast, the highest minimum dietary SBL content was estimated at 6.9% when data from total Ig levels were considered. These results indicated that dietary PLs are required for boosting innate immunity in stellate sturgeon, although their minimal level changed depending on the immunological parameter considered. Therefore, we assume that SBL levels comprised between 3.3 and 6.9% may be used as a prophylactic measure to improve the health status in stellate sturgeon. Red blood cell count, hemoglobin and hematocrit levels increased with increasing dietary SBL levels, especially in those sturgeons fed the diet with 6% SBL (P < 0.05). In addition, white blood cell counts significantly increased as dietary SBL levels increased from 4 to 8% in comparison to the control group. Blood biochemistry was also affected by different dietary SBL levels. In particular, significantly higher levels of glucose, cholesterol, HDL and triglycerides were detected in fish fed > 6%, > 4%, > 2% and 2% SBL, respectively (P < 0.05). Based on somatic growth parameters, blood chemistry and systemic immunity parameters, diets containing ca. 6% SBL are recommended for juvenile stellate sturgeon.
Introduction
It has been reported that lipids play an important role in the immune system [1, 2] . Among lipid components, phospholipids (PL) are important components for maintaining the structure and function of cellular membranes, emulsifying lipids in the gut and improving intestinal absorption of long chain fatty acids [3] . Phospholipids are a source of fatty acids for the synthesis of eicosanoids, a wide range of bioactive compounds with multiple functions. It has been reported that the composition of dietary fatty acids influenced the non-specific immunity (e.g. phagocytosis, respiratory burst and serum lysozyme) [4] [5] [6] and specific immunity (e.g. antibody production and resistance to pathogens) [7] [8] [9] [10] and eicosanoid production [9, 11] . The optimal level of dietary phospholipid supplementation depends on the species, developmental stage, culture conditions, and PL source. In this regard, soybean lecithin (SBL) due to its market availability and relatively stable composition has been commercially used as a convenient source of PL in aquafeeds, although some studies dealing with larvae have used marine phospholipid sources [3] .
Among the fish species living in the Caspian Sea, sturgeons are of utmost interesting from an economic perspective, not only for their caviar, but also for the meat. However, all sturgeon species inhabiting the Caspian Sea are highly vulnerable and endangered, and the stellate sturgeon (Acipenser stellatus) is not an exception. Based on catch data and the number of individuals migrating into the Volga and Ural rivers, it is estimated that the species has undergone a population decline of at least 80% (possibly close to 100%) in the past three generations, which is expected to continue. Consequently, this species is classified in the IUCN Red List of Threatened Species as critically endangered, and it is highlighted that its survival will only depend on restocking activities and effective fishery management plans. Thus, during the last decades a lot of interest has been developed for sturgeon aquaculture, regardless of the final purpose of this activity: restocking and conservation of wild population or production for human consumption. Under culture conditions, the nutritional requirements on protein [12] , lipid [13] , carbohydrate [12] and trace elements [14, 15] have been studied in various sturgeon species. However, there is scarce information about the PL requirements in Acipenserides [16] . The only available study on SBL requirements in this group of primitive fish reported that white sturgeon (Acipenser transmontanus) had no requirements for lecithin, but there was a requirement for choline in this species [17] . In this context, the former authors concluded that refined soybean lecithin (SBL) could be used to replace some of the oil mix in the white sturgeon diets as an alternative source of dietary lipid. However, knowledge about the effects of PL on the immune system, hematological parameters and blood chemistry in sturgeons are limited. The aim of this study was to investigate the impact of PL from SBL on growth performance, immune system and blood biochemistry in juvenile stellate sturgeon in order to determine the appropriate dietary lecithin level for diet formulation in sturgeons.
Materials and methods

Experimental diets and experimental design
The formulation of the experimental diets was conducted by means of the WUFFDA software (Lindo © 1995, Release 6.1). Seven diets were formulated to be isonitrogenous (44% crude protein) and isolipidic (17% crude fat) ( Table 1) . Defatted fish meal and corn gluten were the main protein sources in the experimental diets, while lipid sources included soybean lecithin, fish oil and corn oil. Different PL levels in diets were achieved by adding SBL at different levels (0, 1, 2, 4, 6, 8 and 10%) at the expense of corn oil (Tables 1 and 2 ). Soybean lecithin contained: 19-21% phosphatidylcholine, 8-20% phosphatidylethanolamine, 20-21% phosphatidylinositol, 5-11% other phosphatides and 33-35% soy bean oil [18] . All dry ingredients were weighed and mixed for 30 min, then fish and corn oils and SBL were added, followed by addition of distilled water and mixed thoroughly. Once the desired consistency was reached, the mixture was then mechanically pelleted to obtain suitable sized pellets (3 mm). The pellets were dried in a convection oven at 35°C and stored in re-sealable plastic bags at 4°C until use. Diets were tested by triplicate during 75 days. The fatty acid composition of diets was analyzed by gas chromatography (Agilent 7890 A GC System, USA) using a BP × 70 capillary glass column (0.32 mm × 50 m, SGE Analytical Science Australia) after esterification in acetyl-chloride/methanol mixture. Fatty acid methyl esters were prepared by the modified procedure of Lepage and Roy [19] . The phospholipid profile of the experimental feed were analyzed using Densitometer GS900 calibrated (Bio Rad, Germany) (see Table 3 ).
Fish and sampling procedures
Juvenile A. stellatus were obtained from Shahid Beheshti sturgeon fish hatchery in Rasht, located in Northern Province of Iran, Guilan. Prior to the feeding trials, all fish were acclimated to the indoor rearing conditions for 3 weeks fed a local commercial feed from Fradane Company, Esfahan (Iran) and live Artemia nauplii. Twenty-six fish with initial body weight (BW) of 11.3 ± 0.05 g were stocked in each 90-L polycarbonate tank containing 80 L ground water at the flow rate of 1.0 L min −1 . Photoperiod of 12 h light:12 h dark was maintained throughout the experiment. Water temperature, dissolved oxygen and pH were maintained at 18.9 ± 0.5°C, 8.5 ± 0.5 mg L −1 and 8.02 ± 0.11 (mean ± standard error of the mean, SEM), respectively throughout the experiment. Fish were fed experimental diets at apparent satiation at 08:00, 11:00, 14:00 and 17:00 h for 75 days. Betaine  1  1  1  1  1  1  1  Vitamin  b and mineral  c mixes  3  3  3  3  3  3  3  Yeast  2  2  2  2  2  2  2  Calcium Carbonate  2  2  2  2  2  2  2  Wheat bran  1  1  1  1  1 
Growth performance
At the end of the experiment, fish were fasted for 24 h and then weighed to the nearest 0.1 g and measured to the nearest 1 mm (total length TL) to determine their somatic growth performance. The following formulae were used to evaluate body growth performance: weight gain (WG, %) = (BWf -BWi)/BWi) x 100; specific growth rate (SGR; % day −1 ) = [(ln BWf -ln BWi)/t] x 100; where BWf is the final body weight, BWi is the initial body weight and t is the length of the experimental period (42 days); survival (S, %) = (number of fish in each group remaining at day 75/initial number of fish) x 100, and Fulton's condition factor (K) = (BW/TL 3 ) x 100.
Immunological analysis
Three specimens from each replicate were anaesthetized with 200 mg L -l clove powder and blood was collected from the caudal vein with sterilized syringes, and transferred immediately into sterile tubes and allowed to clot at room temperature for 1 h. Supernatants were separated by centrifugation (3000 × g for 5 min at 4°C) and stored at −80°C until analysis.
Serum alternative complement
Alternative complement activity (ACH50) was assayed based on the hemolysis of rabbit red blood cells (RaRBC) as described by Willey et al. [20] . The RaRBC were washed three times in ethylene glycol tetra acetic acid magnesium-gelatin veronal buffer (0.01 M EGTA-Mg-GVB, pH 7) and the cell numbers were adjusted to 2 × 10 8 cells mL −1 in the same buffer. At first, the 100% lysis value was obtained by adding 100 mL of the above RaRBC to 3.4 mL distilled water. The hemolysate was centrifuged and the optical density (OD) of the supernatant was determined at λ = 414 nm using a spectrophotometer (Awareness, USA). Following, the serum was diluted (100 times), and different volumes ranging from 100 to 250 mL (total volume was adjusted to 250 mL with the buffer) were allowed to react with 100 mL of RaRBC in small test tubes. These mixtures were incubated at 20°C for 90 min with Nd: Not detected. Abbreviations: PC, phosphatidylcholine; PS + PI, phosphatidylserine and phosphatidylinositol; PG + SQDG, phosphatidylglycerol + sulphoquinovosyl diacylglycerols; PE, phosphatidylethanolamine; DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PL, polar lipids; CHOL, cholesterol; FFA, free fatty acids; TAG, triacylglycerols; SE + W, sterol esters + waxes; NL, neutral lipids, -, below detection limits.
intermittent mixing, and then 3.15 mL of 0.85% NaCl solution was added and tubes were centrifuged at 1600 × g for 10 min at 4°C. The OD of the supernatant was measured at λ = 414 nm. A lysis curve was obtained by plotting the percentage of haemolysis against the volume of serum added on a log-log graph. The volume yielding 50% haemolysis was used for determining the complement activity of the sample as follows: ACH50 (Units mL
where K is the amount of serum (mL) giving 50% lysis and 0.5 is the correction factor since the assay was performed on half scale of the original method.
Serum total immunoglobulin
Total immunoglobulin was assayed following the method of Siwicki et al. [21] . Serum samples were diluted with 0.85% NaCl (100 times) and total protein content was determined by the Bradford method [22] . One hundred mL of total serum was mixed with an equal volume of 12% solution of polyethylene glycol (Sigma-Aldrich Corporation, St Louis, MI, USA) in wells of a 96-well micro titer plate. Following 2 h of incubation at room temperature, the microplate was centrifuged at 5000 × g at 4°C. The supernatant was diluted 50 times with 0.85% of NaCl and the protein content was determined by Bradford method [22] . This value was subtracted from the total protein level and the result was equal to the total immunoglobulin concentration of the serum (mg mL
).
Lysozyme activity
Lysozyme activity in serum was measured according to Hultmark et al. [23] . Briefly, Micrococcus lysodeikticus (Sigma-Aldrich) was applied as the substrate in 0.01 M PBS buffer (pH 6.4) to form a suspension (OD ≈ 0.3). A volume of 50 μL of serum was added to 3 mL of the bacterial suspension on an ice-bath. The absorbance was recorded at λ = 570 nm, immediately (A1). The mixture was then incubated at 37°C for 30 min, transferred to an ice-bath to stop the reaction and then the absorbance was recorded again (A2). Lysozyme activity was calculated according to the following formula: U = A1 -A2/A1.
Phagocytic activity
Macrophage isolation was done as described by Secombes [24] with slight modifications. Briefly, 2 mL blood samples were taken by a heparinized syringe from the caudal vein and gently mixed with 3 mL icecold Leibovitz L15 medium (Sigma-Aldrich) containing 2% fetal calf serum (FCS, Sigma-Aldrich), heparin (10 IU mL
, Sigma-Aldrich), and penicillin (100 IU mL −1 )/streptomycin (100 μg mL −1 ) (Merck, Germany). The cell suspension was layered over a 51% Percoll (SigmaAldrich) and centrifuged at 400 × g for 25 min at 4°C to remove erythrocyte contamination and cell debris. The macrophages isolated from the L15 medium/Percoll interface were washed twice by centrifugation at 400 × g for 5 min in L15 medium and adjusted to 5 × 10 6 viable macrophages per mL of L15 medium supplemented with 5% FCS and penicillin/streptomycin. Phagocytosis was measured according to the method of Mehrzad et al. [25] following the isolation of blood macrophages from three fish per tank as described above. Blood samples were plated in 96-well flatbottomed plates in RPMI 1640 medium supplemented with 10% fetal calf serum (1 × 10 5 cells 100 μL ) for 4 h at 37°C. Then, 150 mL DMSO were added and shaken vigorously to dissolve Formosan crystals. Values of DO were measured at λ = 550 nm in a microplate reader (Dynatech, Denkendorf, Germany). Analyses were done in triplicate sets (methodological replicates). Results were expressed as the proliferation index according to the ratio of OD (λ = 550) of stimulated cells with MOG35-55 to OD (λ = 550) of nonstimulated cells.
Hematological parameters
Nine fish from each group were anaesthetized with clove powder (200 mg L −1 ) and blood was collected by caudal vein puncture with heparinized syringes. Red blood cell (RBC) and white blood cells (WBC) were enumerated in an improved Neubaeur hemocytometer, using Hayem and Turck diluting fluids [26] . Hematocrit (Htc, %) was determined by the standard microhematocrit method [27] . The amount of hemoglobin (Hb, g dL −1 ) was determined according to the cyanomethemoglobin procedure [26] . The following hematologic indices: mean corpuscular volume (MCV, fL), mean corpuscular hemoglobin (MCH, pg) and MCH concentration (MCHC, g dL
) were calculated according to Seiverd [28] . Differential leukocyte counts were obtained by preparing panchromatically stained smears [29] ; cells were identified on the basis of morphology and cell ultrastructure as documented in previous fish leukocyte studies [30] .
Serum biochemical analysis
Total triglycerides (TG), cholesterol (CHO), glucose (GLU), lowdensity lipoproteins (LDL) and high-density lipoproteins (HDL) in serum were analyzed using commercial kits (Pars Azmon, Iran) by an auto-analyzer (BT1500 Biotecnica Instruments S. p.A., Italy). Total soluble proteins were determined in the supernatant by the Bradford method [31] , using bovine serum albumin as standard.
Statistical analyses
The value of each variable was expressed as mean ± SEM. Statistical analyses were performed using SPSS software (Ver 21.0, IBM, USA). All the data were tested for normality, homogeneity and independence of variance before the ANOVA tests. Arcsine transformations were conducted on data expressed as percentage in order to achieve homogeneity of variance before statistical analysis. Differences between experimental groups were evaluated by means of One-way ANOVA, followed by a post hoc Tukey test when significant differences were found (P < 0.05). The broken-line regression method considering data on immune parameters was used to quantify the minimum dietary SBL requirements in stellate sturgeon [32] .
Results
Growth performance
At the end of the trial, growth performance in terms of BW, SGR and WG in sturgeon fed diets containing 4, 6, 8 and 10% SBL was higher compared to the control group and those fish fed diets with 1 and 2% SBL (Table 4 , P < 0.05). The highest BW, SGR and WG were registered in the fish fed diets containing from 6 to 10% SBL. No statistically significant differences were found in survival nor K between experimental groups (P > 0.05).
Humoral immune parameters
Alternative complement activity was similar in fish fed the control diet and those diets containing 1 and 2% SBL, whereas higher dietary inclusion of SBL significantly increased ACH50 values (Table 5 , P < 0.05). Considering the broken-line regression method, the optimal dietary SBL in relation to ACH50 values was 4.1% (Fig. 1a) . Lysozyme activity was significantly higher in fish fed from 4 to 10% SBL compared to the control group, whereas the rest of dietary treatments showed intermediate values (Table 5 , P < 0.05). Considering the broken-line regression method, the optimal dietary SBL in relation to lysozyme activity values was 4.2% (Fig. 1b) . The highest levels of serum total antibody were found in sturgeon fed 4, 6 and 8% SBL; whereas the lowest values were recorded in fish fed 0, 1 and 2% SBL. Sturgeon fed 10% SBL showed intermediate levels between former groups (Table 5 , P < 0.05). Considering the broken-line regression method, the optimal dietary SBL in relation to total antibody levels was 6.9% (Fig. 1c) .
Phagocytic and bactericidal activity
The phagocytic and bacterial killing rates were significantly higher in sturgeon fed 4 and 8% SBL compared to control, whereas the rest of dietary treatments showed intermediate values (Table 5 , P < 0.05). Taking into consideration the results obtained from the broken-line regression analysis, the optimal dietary SBL regarding phagocytic and bactericidal activities were 3.3 and 4.2%, respectively ( Fig. 1d and e) .
Blood haematology and biochemistry
Hematological parameters were significantly affected by dietary SBL (P < 0.05, Table 6 ). Red blood cells increased in sturgeon fed SBL, but the highest RBC were found in fish fed the 6% SBL diet (P < 0.05). White blood cells increased significantly in fish fed 4, 6 and 8% SBL in comparison to the control group, whereas the rest of dietary treatments showed intermediate values of WBC between the above-mentioned groups (P < 0.05). Hemoglobin (Hb) and Hematocrit (HCT) were significantly higher in fish fed 6% SBL in comparison to the control group that showed the lowest levels, whereas the rest of dietary groups showed intermediate levels (P < 0.05). Dietary SBL levels did not affect the mean corpuscular hemoglobin concentration (MCHC) and the mean corpuscular volume (MCV) levels (P > 0.05). However, the mean corpuscular hemoglobin levels (MCH) were significantly influenced by the dietary SBL levels, being the lowest MCH values found in fish fed 6% SBL and the highest ones in the control and 10% SBL groups (P < 0.05). Monocyte counts were not statistically significant different among fish fed different SBL levels, but neutrophils and lymphocytes were significantly higher in sturgeon h fed 8% SBL compared to the control devoid of SBL (Table 6 , P < 0.05).
Serum biochemistry was significantly affected by different dietary SBL levels (Table 7 , P < 0.05). Sturgeon fed the diets containing 10% SBL showed the highest blood glucose levels, whereas fish fed the control diet showed the lowest one. The rest of dietary treatments showed intermediate values (P < 0.05). The highest cholesterol and LDL levels were found in sturgeon fed 10% SBL, whereas cholesterol levels decreased as the level of SBL inclusion decreased in experimental diets (P < 0.05). In addition, fish fed 8 and 10% SBL showed the highest content of triglycerides in blood in comparison to the control diet (P < 0.05). Fish fed 8% SBL had the highest HDL content, whereas the lowest HDL level was found in fish fed control diet (P < 0.05). Lowest plasma total protein levels were found in sturgeon fed 0, 1 and 2% SBL, whereas sturgeon fed from 4 to 10% SBL showed higher protein levels in plasma (P < 0.05).
Discussion
Phospholipids are widely used as nutritional supplements in animal feed formulations, and these compounds are essential for the optimal growth and health of animals. Soybean is the main source of natural PLs [33] . Soybean lecithin is composed of a mixture of glycerophospholipids, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), other phosphatides and soybean oil [18, 34] . Analyses of experimental diets showed that highest percentage of PLs were PC followed by PE and PS/PI. In addition, the content of polar lipids increased with higher percentage SBL supplementation, a change that was concomitant with a reduction in the amount of dietary neutral lipids. Contrary to the results reported by Hung and Lutes [17] indicating that sturgeons had no requirements for lecithin; our findings clearly demonstrated the importance of dietary lecithin for optimal growth in juvenile stellate sturgeon fed diets with high levels of vegetal oil sources containing higher PLs levels. Somatic growth performance was poor in fish fed the control diet devoid of SBL, while a significant growth enhancement was observed in fish when corn oil, the main source of fat in compound diets, was substituted with SBL. In particular, final BW, WG and SGR significantly increased at SBL levels higher than 4%, whereas the highest somatic growth was observed in sturgeon fed the diet containing 6% SBL, which might suggest that this value was the optimum SBL inclusion level for stellate sturgeon. Similar trends were also reported in other freshwater and marine fish Values are mean ± SEM from triplicate groups. Means in each row with different letters are significantly different (P < 0.05). Absence of letters indicates no significant differences between dietary treatments. Table 5 Immune parameters (lysozyme, alternative complement, total immunoglobulin levels, and bactericidal and phagocytic activities) in stellate sturgeon (A. stellatus) fed graded levels of soybean lecithin for 11 weeks.
Dietary soybean lecithin levels (%)
Alternative complement (U mL 
Table 6
Hematological parameters in stellate sturgeon (A. stellatus) fed diets containing graded levels of soybean lecithin levels for 11 weeks. species fed diets supplemented with PL, including large yellow croaker Larimichthys crocea [35] , amberjack Seriola dumerili [36] , rainbow trout Oncorhynchus mykiss [37, 38] , pikeperch Sander lucioperca [39] , ayu Plecoglossus altivelis [40] and common carp Cyprinus carpio [41] . These studies suggested that an improved growth by dietary PLs might be a result of increased feed intake and better efficiency in feed utilization. The poor growth performance observed in the control group could have probably resulted from metabolic disturbances that may be affected by changes in nutrient and metabolic concentrations occurring in the blood [42] , as a result of the low inclusion of fish oil (2.5%) in experimental diets. In this context, Mozanzadeh et al. [43] reported significant reduction in SGR and WG when 50% of diet fish oil was replaced by tallow in silvery-black porgy (Sparidentex hasta) indicating the importance of fish oil in the diet. Metabolic disturbances in the control fish could have resulted due to receiving feed containing minimal amount of phospholipids and HUFAs. The fatty acid analysis of experimental feeds showed a minimum HUFA value in the control diet with gradually increasing HUFA levels in feed containing higher inclusions of SBL, which completely supported the above-mentioned hypothesis. The analysis of immunological data by means of the broken-line regression analysis that was conducted to determine the minimum dietary SBL levels needed for boosting the immune function in stellate juveniles revealed that depending on the parameter considered, dietary SBL levels varied. In particular, dietary SBL levels requirements in stellate sturgeon when considering the phagocytic activity rate were determined at 3.3%, whereas 4.1-4.2% were recommended when considering data from lysozyme, alternative complement and bactericidal activities. In contrast, the highest minimum content of SBL in diets for stellate sturgeon was estimated at 6.9% when data from total Ig levels were considered. These results indicated that high PL contents are required for boosting innate immunity in this species, although their minimal dietary level changed depending on the immunological parameter considered. Therefore, we assume that SBL levels comprised between 3.3 and 6.9% may be used as a prophylactic measure to improve the health status in stellate sturgeon. In this context, Zhao et al. [44] reported that dietary choline supplementation significantly improved the lysozyme and ACP activities, C3 content, and upregulated antimicrobial peptides in the gills of grass carp (Ctenopharyngodo nidella). Another research also emphasized that acetylcholine, the metabolite of choline, could regulate the expression level of lysozyme in Zhikong scallop Chlamys farreri [45] . These data were in agreement with our results on the enhancement of lysozyme and ACP activities in fish fed higher dietary choline levels. Immune related effects of lecithin may be also attributed to its fatty acid levels and composition [46] . Soybean lecithin used in this study contained very high levels of linoleic acid (LA, 18:2n-6) and a gradual increase was observed in linolenic acid (LNA, 18:3n-3) levels as a result of increasing feed SBL content. In brackish and freshwater fish, it is known that both n-3 and n-6 fatty acid PUFA are important nutrients as LA and LNA can be converted to the long chain n-6 and n-3 fatty acids, respectively. The synthesis of ARA is achieved by delta6 desaturation of LA. Synthesis of EPA from LNA requires the same enzymes and pathway as for ARA. Phospholipids are the source of the substrate fatty acids for the formation of eicosanoids, a range of highly bioactive derivatives of, in particular C20 highly unsaturated fatty acids (HUFA), especially arachidonic acid (ARA, 20:4n-6) and eicosapentaenoic acid (EPA, 20:5n-3). Fatty acids released from membrane phospholipids by the action of phospholipase A2 are converted by either cyclooxygenase enzymes, which produces cyclic oxygenated derivatives, collectively called prostanoids, including prostaglandins, prostacyclins and thromboxanes, or lipoxygenase enzymes which produce linear oxygenated derivatives including hydroperoxy-and hydroxyl fatty acids, leukotrienes and lipoxins. Eicosanoids are implicated in many physiological processes including immune and inflammatory responses. The distribution and production of eicosanoids in fish species and tissues and their possible roles have been reviewed previously [47] [48] [49] ). Based on these facts and the improved fatty acid profile of the experimental diets, we may assume that higher levels of LA, LNA and HUFA in feed containing higher levels of SBL could have stimulated production of higher levels of eicosanoids resulting in improved immune responses in these groups. Similar results were recently reported in different fish species fed different levels of LA [50] [51] [52] . Another study found that supplementation of 3.29% PL significantly improved the lysozyme, acid phosphatase activities and complement component 3 contents in all intestinal segments of juvenile grass carp, proving the PL (choline) contributed enhancement of innate immunity in the intestine of fish [53] . Documented literature has confirmed the role of inflammation as a key element in the response of the innate immune system mediated by cytokines [54] . In teleost fish, the proinflammatory cytokines, such as tumor necrosis factor α (TNF-α) and interleukin 1β (IL-1β), could initiate and accelerate additional inflammatory processes [55] . The anti-inflammatory cytokines interleukin 10 (IL-10) and transforming growth factor-β (TGF-β) are produced to inhibit the excessive activation of the inflammatory response [55] . According to the findings of [53] the mRNA levels of TNF-α and IL-1β in all intestinal segments of juvenile grass carp significantly down-regulated as the dietary PL levels increased up to 3.29%, whereas 3.29% PL significantly up-regulated the IL-10 and TGF-β1 mRNA levels. Based on their findings, we assume that the improved immune responses in juvenile fish including the stellate sturgeon fed optimal PL levels may be partly through down-regulating the TNF-α and IL-1β expression levels and up-regulating the TGF-β1 and IL-10 expression levels.
Based on our findings, higher SBL levels containing higher concentration of PLs significantly increased phagocytic activities in blood macrophages. However, we did not observe any significant changes in number of lymphocytes and monocytes among treatments, but the number of neutrophils were significantly increased in fish fed 8% SBL compared to the control group. Similar studies on higher vertebrates (humans and rats) showed a significant improvement in phagocytic activity as a result of dietary soybean PLs [56, 57] , which may be attributed to the role of PLs as a source of HUFA for eicosanoid synthesis [58]. In addition, Adel et al. [59] reported significantly higher antibacterial activity against different pathogenic bacteria like Streptococcus iniae, Yersinia ruckeri, Aeromonas hydrophila, Lactococcus garviae, in common carp fed a diet enriched with 3% SBL compared to a control group that was fed lower levels of lecithin. Our results are in agreement to the above-mentioned study, supporting our findings with improved immune system and phagocytic activity in fish fed > 3.3% SBL. Differences between the optimal dietary SBL inclusion for enhancing the immune function among different species existed, which may be related to species-specific differences, as well as differences in the nutritional trials, diet formulation, and SBL source and quality. Nevertheless, not all species necessarily respond equally to dietary FO replacements and, although these generalizations may be used as a benchmark, effects of dietary alternative lipid sources should be evaluated on a case-by-case basis. Blood analysis is a useful, rapid, non-lethal and inexpensive tool for fish monitoring, reliable information on metabolic disorders, deficiencies, adaptation processes to various environmental influences and chronic stress status [60, 61] . Many factors significantly alter hematological parameters in fish, including diet, strain, age, sex, season, method of capture and state of sexual maturity among others [62, 63] . Present results revealed that there was a general trend of increased complete blood count (CBC) values with increasing dietary PL levels; in particular, the highest values of RBC, HTC and Hb were observed in fish fed the diet containing 6% SBL. The higher amount of RBC and Hb concentration could be in response to increased metabolic demand of the body, which was confirmed by the significantly higher somatic growth parameters in sturgeon fed diets containing higher 4% SBL levels. No significant changes were observed in the MCHC, MCV and MCH between experimental and control treatments. However, WBC values were significantly higher in sturgeon fed 6 and 8% SBL compared to the control diet, which also reflected a higher immune condition in these fish groups compared to those fish fed a diet deprived of SBL. These results may be explained as dietary PLs and their unsaturated fatty acids can improve fluidity and permeability of cell membranes and enhance fish immunity [64] .
In the present study, fish fed 4-6% PL levels showed higher glucose, cholesterol and triglyceride levels compared to the control group. Triglycerides (TG) constitute the major class of neutral lipid and they are the primary class for lipid storage and energy provision [48] . The levels of TG are considered to be major indices of the health status of teleost fish [65] . In current work, TG levels increased significantly in fish received those diets containing SBL at higher levels than 2% compared to the control diet. In addition, our results showed a trend of increase in the CHO levels with increasing dietary SBL levels, being CHO levels higher than in the control group in sturgeon fed > 4% SBL. Cholesterol is transported in the circulatory system by means of HDL [66] [67] [68] and LDL [69] , playing an important role in TG clearance and CHO removal from animal tissues [66, 67] . In this study, fish fed 8% SBL diet had the highest plasma HDL and cholesterol, which may be also in agreement with the higher TG levels found in these groups. The ratio of HDL to total CHO followed a similar trend. In this study, although the LDL levels tended to increase with increasing SBL levels, this increment was only significant in fish fed 10% SBL in comparison to the control group. A possible explanation for the high plasma LDL levels may be related with the effect of acyl-coenzyme A: cholesterol acyltransferase (ACAT), a key hepatic enzyme involved in the esterification of free CHO to cholesterol esters with a preference for unsaturated rather than saturated fatty acids [70] . Juvenile shrimp (Litopenaeus vannamei) fed on the 3% SBL diets showed higher triglyceride concentration in serum than those fed on the other experimental diets [71] , which goes in the same direction as our findings. Zhou et al. [72] reported 50% replacement of fish meal with soybean meal in diet containing 1.5% SBL significantly increased TG levels. Some other studies reported that plasma TG and CHO contents in juvenile yellow drum Nibea albiflora increased with the increasing dietary lipid level indicating a more active endogenous lipid transport in response to the higher dietary lipid level [73, 74] . Qin et al. [75] reported a tendency of incremental TG values in orange-spotted grouper (Epinephelus coioides) with increasing dietary choline levels. The increase in serum TG and CHO may be due to the fact that the increasing levels of dietary choline can facilitate the synthesis of CHO and TG in the liver and accelerate their transport, resulting in an elevation of their content in the serum. Similar results were also found by Craig and Gatlin [76] in juvenile red drum (Sciaenops ocellatus). According to the Sink et al. [77] , 2 and 4% SBL inclusion did not affect TG concentration in juvenile channel catfish. However, total lipid content in diets of Sink et al. [77] is about 50% of lipid in current work with a different feed formula. Total serum protein (TSP) is considered as a good signal for fish increased immunity [78] . In current study, fish fed diet containing 4-10% SBL showed significantly higher TSP compared to the control and those receiving lower SBL levels, confirming the results of improved immunity in sturgeons from these groups. These results are in agreement with those reported by Aničić et al. [79] , these authors reported a considerable increase in TSP levels in brown bullhead Ameiurus nebulosus fed 2.5% SBL.
In conclusion, the optimum SBL inclusion for stellate sturgeon juveniles fed diets containing low levels of fish oil was 6% when somatic growth parameters were considered. Increasing SBL levels above 6% had little practical benefit in terms of growth. The broken-line regression analysis of immunological variable revealed that depending on the parameter considered, the optimal SBL levels in diets for stellate sturgeon juveniles varied. In particular, dietary SBL levels requirements in stellate sturgeon when considering the phagocytic activity rate were determined at 3.3%, whereas 4.1-4.2% were recommended when considering data from lysozyme, alternative complement and bactericidal activities. In contrast, the highest minimum content of SBL in diets for stellate sturgeon was estimated at 6.9% when data from total Ig levels were considered. These results indicated that dietary PLs are required for boosting innate immunity in this species, although their minimal level changed depending on the immunological parameter considered. Therefore, we assume that SBL levels comprised between 3.3 and 6.9% may be used as a prophylactic measure to improve the health status in stellate sturgeon. In addition, hematological parameters indicated that higher dietary levels than 4% SBL promoted the innate immune response in this primitive fish species. Thus, considering data on growth performance and, serological and hematological parameters, it is recommended to include SBL at ca. 6% in diets for sturgeon containing low levels of fish oil, being a sound strategy for promoting growth and health resistance in aquafeeds for this group of species.
